Background: Arthroscopic repair of large to massive rotator cuff tears commonly retear. To improve healing rates, a number of different approaches have been utilized, including the use of grafts, which may enhance the biomechanical and biologic aspects of the repair construct. However, the outcomes after the use of grafts are diverse.
Rotator cuff tears are a common pathology causing shoulder pain in the adult. Even a decade ago, more than 75,000 surgical repairs of the rotator cuff were performed annually in the United States with an increasing trend. 27, 41 Despite advancements in surgical technique and technology for rotator cuff repair, high failure rates (eg, retearing or nonhealing of the repairs) are still a concern. 17 While tendon healing may be affected by multiple factors (age, smoking, tear characteristics, repair techniques, postoperative rehabilitation protocols), tear size is one of the most critical factors. In particular, large to massive rotator cuff tears are particularly challenging to the shoulder surgeon due to their inferior healing rates when compared with smaller tears and their relatively high prevalence (up to 40% of all the rotator cuff tears). 3, 17, 20, 40 For any size of rotator cuff tear requiring surgical intervention, primary repair is the ideal option. However, in larger tears, this may not be achievable. In this situation, other salvage-type procedures may be viable options, including debridement, 18 biceps tenodesis or tenotomy, 4 partial repair, 7 superior capsular reconstruction, 31 or even reverse shoulder arthroplasty. 22 These procedures can provide fair to good outcomes, 3, 20 particularly in older, less demanding patients. However, in younger active patients, grafts in combination with partial or full repair have been used in an attempt to reinforce the tendon tissue and distribute the mechanical load through the repair construct. 3, 14, 20 Furthermore, grafts may improve the biologic milieu of the rotator cuff repair, functioning as a scaffold and inducing cellular migration and matrix production. 40 The use of a graft during rotator cuff repair was first reported by Neviaser et al 34 in 1978. In a series of 16 patients, allograft rotator cuff tendons were utilized to bridge the gap between the retracted tendon edge and the bone of irreparable rotator cuff tears. 34 Since then, a variety of grafts (autograft, allograft, xenograft, and synthetic graft) have been introduced and applied with fair to good tendon healing and clinical outcomes. 14 While some clinical studies have compared the outcomes after rotator cuff repair with and without the use of grafts, the results remain diverse. 2, 9, 11, 19, 26, 33, 42 Furthermore, only a few studies have compared the use of grafts in a prospective randomized fashion. Therefore, the purpose of the study was to systematically review the literature to determine whether the use of grafts improves tendon healing and clinical outcomes of rotator cuff repair for large to massive rotator cuff tears.
METHODS

Systematic Review for Meta-analysis
This systematic literature review was performed following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines and checklist 32 ( Figure 1 ). Two independent reviewers conducted a thorough literature search of the following databases: PubMed, MEDLINE, Embase, and Cochrane Library. The search terms included the following: rotator cuff, repair, graft, patch, scaffold, augmentation, reinforcement, bridging, interposition, replacement, and spanning.
Studies were selected and systematically reviewed according to the following inclusion criteria: (1) clinical study comparing rotator cuff repair with (graft group) or without graft (control group), (2) either an open or arthroscopic procedure or both, (3) use of grafts as either augmentation or bridging, (4) tendon healing assessed by magnetic resonance imaging (MRI) or ultrasound (US) postoperatively for at least 80% of cases, and (5) English language.
Studies were excluded if they were: (1) nonclinical (eg, cadaver, animal, basic science, biomechanical) studies, (2) scientific meeting abstracts/proceedings, (3) perceptionbased studies, (4) review or meta-analysis articles, (5) case series or cohort studies without control group (ie, repair without grafts), and (6) not written in English.
The search was conducted by 2 independent investigators separately, each reviewing the abstract of each publication, and the data were extracted from each relevant article. The final literature search was performed in August 2015. All references of included studies were crossreferenced to avoid omitting relevant studies that were originally not included. If there was disagreement regarding the inclusion of a study, the final decision was 
Quality Assessment
The evidence levels of the included studies were determined using the guide outlined by the Oxford Centre for Evidence Based Medicine. 35 The quality of studies was assessed following the Modified Coleman Methodology Score (MCMS). 12 
Outcome Measures
Tendon healing on postoperative MRI or US was defined as the primary outcome. Healed or intact repairs were classified as ''healed'' tears. However, partially healed, partially retorn, retorn, or nonhealed tears were all classified as ''retorn.'' Secondary outcomes included visual analog scale (VAS) for pain, the University of California at Los Angles (UCLA) score, and range of motion in forward elevation (FE). Reported complications were also extracted and assessed while retears were not included as complications and reported separately.
Statistical Analysis
The data were synthesized using the software Review Manager 5.3 (Cochrane Informatics and Knowledge Management Department; http://tech.cochrane.org/home). Random-effects models were used if the chi-square test for heterogeneity failed with P < .05; otherwise, fixed-effects models were used. For each outcome, we produced forest plots along with numeric estimates of overall effects along with 95% CIs, and funnel plots were used to assess publication bias. In addition, a risk-of-bias assessment graph was produced for the included studies using the Cochrane Collaborations tool. 24 
RESULTS
Study Demographics
A total of 6 studies with 13 study groups were included ( Table  1 ). The levels of evidence were between 2 and 3. The included data were taken from 2 prospective randomized trials, 2 prospective nonrandomized study, and 2 retrospective cohort studies. The overall mean MCMS was 55.8 (fair quality). The risk-of-bias assessment is summarized in Figure 2 . A total of 242 repairs from 7 study groups in the graft group and 185 repairs from 6 study groups in the control group were analyzed. The mean age at surgery was 62.5 years for both groups, and the mean follow-up was 29.5 months for the graft group and 28.3 months for the control group (Table  1) . The surgical approach (open, arthroscopy), surgical indication (augmentation, bridging), type and source of graft, and product name are all provided in Table 1 .
It should be noted that the study by Iannotti et al 26 demonstrated a significantly poor healing rate (26.7%) in addition to a number of extensive inflammatory reactions when using a porcine small intestinal submucosal graft. In their study, healing rate was the only measure and no other outcome measures were available. No other study in our metaanalysis utilized a similar graft.
Furthermore, Ciampi et al 11 reported on a nonrandomized, triple-armed study of patients utilizing grafts including 2 study groups and 1 control group. The patients received either a bovine pericardium graft, a polypropylene synthetic graft, or no graft as a control, with reported healing rates of 49.0%, 82.7%, and 58.8%, respectively. This study, having 2 study groups, made statistical calculation technically challenging, particularly for the clinical outcome measures with continuous values. 
Tendon Healing
Tendon healing was evaluated either on MRI or US in 240 of 242 repairs in the graft group and 180 of 185 repairs of the control group ( Figure 3A) . In this analysis, the healing rates of the 2 different graft groups (xenograft group, synthetic graft group) in the study by Ciampi et al 11 were both combined as 1 study group. Because of relatively high heterogeneity (P ¼ .02, I
2 ¼ 64%), a random-effects model was applied. Overall, there was a trend that the graft group had a greater healing rate than the control group (odds ratio [OR], 2.11; 95% CI, 0.93-4.78; P ¼ .07) ( Figure 3A) . However, when the study by Iannotti et al 26 was further excluded due to the nature of adverse results and reactions of the specific graft, the overall healing rate became statistically significant (OR, 2.48; 95% CI, 1.58-3.90; P < .0001) with less heterogeneity (P ¼.20, I
2 ¼ 33%) where a fixedeffects model was applied (Figure 3 , B and C).
Complications
In the graft group, 3 sterile inflammatory reactions, 1 episode of bursitis, and 1 superficial infection were reported as postoperative complications. All cases of sterile inflammatory reaction were reported in 1 study 26 where porcine small intestine submucosa was utilized as the graft, 1 of which required additional surgery. In the control group, cellulitis (n ¼ 2), bursitis (n ¼ 1), fibrosis (n ¼ 1), and biceps rupture (n ¼ 1) were reported, and no additional surgery was performed.
Clinical Outcomes Measures
Five study groups in the graft group and 4 study groups in the control group assessed VAS for pain; the UCLA score and FE were evaluated in 4 study groups in the graft group and 3 study groups in the control group. Given that the study by Ciampi et al 11 had 2 different graft groups and there was no technically valid statistical method to combine both groups for these continuous measures, 2 alternative sets of analyses were produced based on the graft utilized (xenograft and synthetic graft).
Preoperatively, there was no baseline mean difference between the control group and the graft group for VAS, UCLA score, and FE (P ¼ .28 or higher), even when the xenograft group or synthetic group was included from the study by Ciampi et al. 11 The data produced homogeneous results (P .55, I
2 ¼ 0%); hence, fixed-effects models were used for all the measures. Similar results were observed when analyses were performed for tendon healing with the 2 alternative sets (xenograft group or synthetic group) from the study by Ciampi et al. 11 Postoperatively, both control and graft groups showed improvement postoperatively in all the 3 measures (Figures 4-6) . For all measures, there was no significant difference between the groups detected when the xenograft group from Ciampi et al 11 was utilized ( Figures 4A, 5A , and 6A), whereas the graft group demonstrated significantly superior outcomes in the graft group when the synthetic group of Ciampi et al 11 was chosen (P ¼ .02 or lower) (Figures 4B , 5B, and 6B). Because of high heterogeneity, random-effects models were applied to all analyses.
DISCUSSION
Anatomic healing of the torn tendon to the bone is a primary principle of rotator cuff surgery. Even though tendon integrity after rotator cuff repair may not necessarily correlate with clinical outcomes, 10, 17, 37, 46 patients in general are as good if not better when the repaired tendon heals. 29, 39 In an attempt to enhance healing, a number of studies have reported biological augmentation of rotator cuff repair (eg, platelet-rich fibrin), although no study has clearly demonstrated improved healing or clinical outcomes compared with the control group. 8, 44, 47 In contrast, the rationale for the use of grafts is to enhance not only the biological aspect but also the biomechanical strength of the repair construct.
In the current study, the repair of large to massive rotator cuff tears utilizing grafts led to significantly diverse 
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Grafts for Rotator Cuff: A Meta-analysis 5 outcomes. In particular, the studies by Iannotti et al 26 and Ciampi et al 11 demonstrated that not all grafts have consistent outcomes. When all groups were included, there was a trend toward superior tendon healing with grafts, but no statistical significance was detected unless the study by Iannotti et al 26 was excluded. Similarly, while there appeared to be a tendency toward superior clinical outcomes (eg, VAS, UCLA score, FE) with the use of grafts, statistical significance was only detected when the synthetic graft study group rather than the xenograft study group from Ciampi et al 11 was included. Therefore, grafts provided statistically improved healing and clinical outcomes only when exclusion of a study 26 or the choice of study group 11 for practical (eg, adverse effects of a porcine small intestine submucosa graft) or statistical reasons (eg, handling 2 study groups in a study) was performed.
Furthermore, the healing rates were also significantly greater with the use of grafts only when the synthetic group (and not the xenograft group) was included from the study by Ciampi et al, 11 regardless of the inclusion or exclusion of the data from Iannotti et al. 26 Interestingly, both Iannotti et al 26 and Ciampi et al 11 utilized xenografts, at least as 1 study group, to reinforce the repair of rotator cuff tear. These xenograft groups both provided significantly poor results, leading to diverse outcomes in the overall graft population. From a statistical perspective, excluding these results from the overall graft group led to a more consistent outcome and improved the results to reach statistical significance. Iannotti et al 26 demonstrated an inferior healing rate with the use of porcine small intestine submucosa grafts compared with repair without a graft, including 3 cases of sterile inflammatory reaction. This particular porcine xenograft is now known to have a high risk of inflammatory reaction, which has been reported not only in rotator cuff repair studies but also in other nonorthopaedic uses. 26, 28, 30, 36, 38, 43, 45 The use of these grafts for rotator cuff repair is rarely used now and is essentially historical in nature. Therefore, this specific graft material likely compromised their results, which led us to perform additional statistical analysis after exclusion of the study.
On the other hand, Ciampi et al 11 reported a significantly lower healing rate after the use of bovine pericardium grafts compared with the synthetic grafts but not significantly lower than repair without grafts. Similar findings were reported for clinical outcome measures. However, as far as we are aware, there have been no other studies reporting significant adverse effects or inferior clinical outcomes after the use of this specific graft material.
These results clearly highlight the importance of not only whether a graft was utilized but also the graft material. However, there are a number of other studies on rotator cuff repair that have utilized xenograft materials demonstrating excellent healing and clinical outcomes. 1, 21 Therefore, the overall graft material in general (autograft, allograft, xenograft, synthetic) should be considered in addition to the specific graft type (eg, differences in In the current study, we included only comparative studies with a control group (repair without grafts) in an attempt to ensure a similar population of patients was being evaluated for each group. This was aimed to minimize the effects of other variables related to rotator cuff repair that may affect the outcome, such as age, smoking, and tear characteristics. Despite this, a uniform patient and tear population may have been difficult to achieve. For example, even though all included studies reported the surgical results of large to massive rotator cuff tears, there were variable ways of defining ''reparability'' of the tears. For example, some studies included only ''irreparable'' tears, others included tears that were partially reparable, and others reported on only tears that were ''reparable.'' However, even among ''reparable'' tears, 1 study accepted a ''defect smaller than 1 cm,'' another study allowed ''retraction less than 2 cm,'' and another study defined the tears ''fully'' reparable. Thus, despite efforts to achieve a uniform population of large to massive tears, clearly the actual tear characteristics (eg, retraction, mobility) may be quite variable, similar to the clinical setting.
Consistent with tear reparability variation, both graft augmentation and bridging indications existed among the studies. Generally, augmentation is primarily performed to reinforce a tear that is fully reparable. In contrast, bridging grafts are used to fill a defect between the torn tendon edge and bone in the setting of an irreparable tear. Accordingly, among the 6 analyzed studies, 4 studies of ''reparable'' tears applied an augmentation technique, and the other 2 studies reporting ''irreparable'' tears performed a bridging procedure. Thus, these 2 groups of studies may represent a slightly different patient population. However, this allowed us to form a clinically relevant spectrum of patients to whom grafts may be applied and was the rationale for including only comparative studies with a control group to ensure similar populations in each group.
Recently, Ferguson et al 16 published a systematic review limited to graft augmentation of reparable large to massive rotator cuff tears. This article included a wide range of published literature from case series to comparative studies and demonstrated superior function and structural outcome with the use of human dermal allografts when compared with repair without grafts. In contrast, as previously mentioned, we selectively analyzed only comparative studies with a control group and included both augmentation and bridging indications. We believe this allowed us to provide more generalized information with clinical relevance focusing purely on the effect of the graft usage for rotator cuff tears.
In a recent systematic review on the healing rates after rotator cuff repair, 23 for rotator cuff tears greater than 3 cm. The reported healing rates were 52%, 66%, and 69% for single-row, double-row, and suture-bridge techniques, respectively. In the current study, the overall healing rate in the control group (without grafts) was 58.9% (106/180 repairs), which is comparable to these healing rates. Unfortunately, due to the various procedures used for repair in the current study, it was impossible to categorize the repair technique (single-row, double-row, suture-bridge) clearly. While each of the 6 analyzed studies utilized a similar procedure between the graft group and the control group except for the use of graft, repair techniques were different among the studies (single-row in 2 studies, double-row in 1 study, transosseous in 1 study, not specified in 2 studies). Thus, the difference in tendon fixation techniques may have had an effect on the healing rate as well.
Further to the above, Denard et al 13 reported in their retrospective study that 85% of massive rotator cuff tears were actually reparable using multiple tendon mobilization techniques, with excellent functional outcomes especially after double-row repair. While the authors did not assess postoperative tendon healing, secure fixation under minimal tension with a wide contact area is likely an important factor, allowing even larger tendon tears to heal. Some authors have hypothesized that tension on the repair construct can lead to retearing of a rotator cuff repair. 5, 6, 15 Thus, a repair of a large to massive rotator cuff despite releases is likely to be under at least some degree of tension irrespective of the use of a graft. A higher tension repair may have led to pain and retearing of the rotator cuff repair. 5, 6, 15, 25 There are several limitations to the present study due to multiple factors involving the outcomes of this challenging patient population. First, although we tried to include only higher level of evidence studies (eg, no case series), the comparative studies evaluated had levels of evidence between 2 and 3 and the study designs were different. Furthermore, only 2 studies were prospective randomized control trials. Therefore, there may be inherent biases in patient selection related to the nonrandomized studies. However, all studies appeared to have recruited comparable patient populations, and there were no significant differences in baseline characteristics for the included studies. Second, as explained, there are a multitude of factors that may affect tendon healing and clinical outcomes (eg, patient characteristics, graft material, tear characteristics, graft indication, and fixation technique). While further stratification would have made the groups more uniform, the purpose of this study was to determine whether any generalizable conclusions could be made between rotator cuff repairs with grafts versus without grafts. Unfortunately, due to the limited number of studies, further stratification would have depleted the number of studies or patients making statistical evaluation invalid. Finally, the majority of the studies included only primary repairs (6 of 8; 2 studies not stated), and few or no cases were revision surgeries. Therefore, the current results are only generalizable to primary rotator cuff repair. However, in the clinical setting, grafts may be considered as well during revision rotator cuff repair, particularly when another standard repair technique is unlikely to be successful. Thus, in addition to the current results, the healing rates and outcomes after revision rotator cuff repair with the use of grafts may provide important information for their further utilization.
CONCLUSION
The use of grafts generally provides superior tendon healing and clinical outcomes to the repairs without grafts, except for some specific graft types. Further investigations are required to determine the beneficial effects of the use of grafts.
